Endothelial injury makes the vessel wall vulnerable to cardiovascular diseases. Injured endothelium regenerates by collective sheet migration, that is, the endothelial cells coordinate their motion and regrow as a sheet of cells with retained cell-cell contacts into the wounded area.
INTRODUCTION
The inner surface of blood vessels is covered by endothelium, a thin monolayer of endothelial cells that are tightly interconnected. The endothelium controls vascular function and homeostasis by providing an antithrombotic surface toward the blood and by releasing molecules that regulate vascular tone, cell proliferation, inflammation, and fibrinolysis. 1 Consequently, endothelial damage makes the vessel wall vulnerable for cardiovascular diseases, such as thrombosis, restenosis, and atherosclerosis. 1 Extensive endothelial loss frequently occurs following surgical and endovascular procedures, [2] [3] [4] and several strategies to accelerate endothelial repair have been developed with the aim to improve the outcome of bypass surgery, vascular stenting, and organ transplantation. Such strategies include administration of endothelial growth factors and mobilization of circulating endothelial progenitor cells (EPCs). 5, 6 However, enhancing the endothelial repair process has turned out to be difficult, and there is a need for further basic understanding of endothelial repair in vivo to reveal new key components in the repair process.
Upon injury, the endothelium has a remarkable capacity to change phenotypes and induce a regenerative repair process at the wound edges. Endothelial repair is characterized by collective sheet migration, that is, the endothelial cells regenerate as a sheet of migrating and proliferating cells with remaining cell-cell contacts. 7, 8 EPCs may also contribute to the regenerative endothelial cell mass, but its transdifferentiation into true endothelial cells has been questioned. [9] [10] [11] [12] In addition to endothelial cells, the repair process mobilizes leukocytes. 13, 14 However, little is known about their identity in vivo, their spatio-temporal recruitment to the injury site, and their function in the reparative sheet migration process.
To address these questions, we developed a high-quality en face technique for the mouse carotid artery in combination with a scanning multicolor microscopy that enables immune-visualization of multiple cell types with high resolution. We applied the setup on a scratch injury model of the mouse carotid artery and visualized leukocytes and endothelial cells simultaneously during endothelial regeneration. We show that CD11c + leukocytes are recruited to the broad proliferative front area of regrowing endothelial sheets, and that depletion of these leukocytes severely disrupts the endothelial repair process.
MATERIALS AND METHODS

Mice
All procedures were approved by the by the Research Animal Ethics Committee in Gothenburg (Sweden). The mice were bred in house in a pathogen-free barrier facility and in 12-h light-dark cycle and they were fed chow diet (Purina 7012, Envigo Teklad Laboratory, Rossdorf, Germany 
Surgery
The mice were anaesthetized with a mixture of oxygen and isoflurane (2-3%) under spontaneous breathing (Datex Ohmeda, Bromma, Sweden, isotec 5 vaporizer). The right carotid artery was carefully exposed and the internal carotid artery was clamped with a microvascular clamp. The common carotid artery was temporarily ligated at its mid-portion by a forming a snare loop with a 6-0 silk ligature around the vessel. A nylon wire (0.19 mm in diameter) was inserted into the common carotid artery through the external carotid artery and the endothelium was denuded from the distal portion of the common carotid artery by careful scraping of all inner vessel surface area. The wire was removed and the external artery was ligated. The blood flow was restored by removing the clamp and the snare loop ligation.
En face immunohistochemistry
The mice were anesthetized with isoflurane and perfused through the left ventricle of the heart at 100 mmHg, first with saline for 1 min, followed by 4% formalin for 4 min, and then back to saline. A cut in the right atrium served as outflow tract. 
Antibodies
The following primary antibodies and dilutions were used: rabbit anti- 
Microscopy, analysis and statistics
High-resolution images were acquired using Metasystem automated slide scanner (MetaSystems, Altlussheim, Germany) equipped with SpectraSplit filter system for extended multicolor imaging (Kromnigon AB, Gothenburg, Sweden). 18 We used the Zeiss AxioImager. 
RESULTS
Leukocytes are recruited to the proliferative front zone of regrowing endothelial sheets
To study recruitment of leukocytes during endothelial repair in vivo,
we surgically induced an endothelial scratch wound in the distal half of the right common carotid artery in mouse. The repair process was analyzed using multi-immunostained en face preparations (Fig. 1A) .
We first performed a time-course study focused on endothelial regrowth and leukocytes. Endothelial cells were stained for CD31 and leukocytes for their pan marker CD18. Because leukocytes also can express CD31, endothelial cells were defined as CD31 + CD18 − cells.
The endothelium grew back as a tight sheet of cells at a constant pace over the denuded area until day 7, when most injured arteries were completely covered by new endothelium (Fig. 1B and data not shown).
During the first two days, endothelial cells next to the wound grew larger and started to migrate into the wound area. During this time period there were few leukocytes present ( Fig. 1C and D ). In contrast, at day 3, the number of leukocytes rapidly increased ( Fig. 1C and D). The leukocytes were specifically recruited to the regrowing sheet of endothelial cells and not to the unhealed wound area (Fig. 1C) .
Notably, the increase in leukocytes at day 3 coincided with an increase in endothelial cell density (Fig. 1E ).
As the regrowing endothelial sheet propagated forward, a broad proliferative front zone was established with high cell proliferation (Ki67-positive nuclei, Fig. 1F ). The proliferative front zone was accompanied by leukocytes throughout the endothelial repair process 
Depletion of CD11c + leukocytes disrupts the proliferative front zone during endothelial regrowth
To address whether the myeloid mononuclear leukocytes are important for the regrowing endothelial sheet during the repair process, we used CD11c.DTR mice. In these mice, CD11c-expressing cells can selectively be depleted by injection of diphtheria toxin (DT). DT was injected at day 2 and day 4 after surgery, and endothelial regrowth was analyzed at day 5 ( Fig. 2A) . As controls, we used littermate wildtype mice injected with DT, and littermate CD11c.DTR mice injected with vehicle (saline). DT injections efficiently ablated recruited CD11c-expressing leukocytes to the regrowing endothelium in CD11c.DTR mice (Fig. 2B) , and resulted in a drastic impairment of endothelial regrowth ( Fig. 2C and D) .
Next, we determined at what stage/stages in the endothelial repair process CD11c + leukocytes are important. We first focused on the early time intervals, before (day 2) and after (day 3) the increase in leukocyte recruitment to the regrowing endothelium (Fig. 3A) . DT treatment efficiently reduced the number of leukocytes at both time points (Fig. 3B) . The leukocyte depletion did not affect endothelial regrowth distance or endothelial cell density at day 2 ( Fig. 3C and D) .
However, at day 3 there was a small reduction in endothelial regrowth (21% reduction) and a complete blockage of the increase in endothelial cell density (Fig. 3C-E) . Furthermore, DT treatment reduced endothelial cell proliferation (Fig. 3F) . Thus, depletion of CD11c + leukocytes did not affect the initial migratory response during the first 2 days post-injury, but inhibited the formation of a proliferative front zone with high cellular density at day 3. The recruited leukocytes
were also efficiently depleted with clodronate liposomes (Fig. 3G and   H ), leading to a similar block of endothelial cell density (Fig. 3I ) and reduced endothelial regrowth (Fig. 3J) . These experiments show that the recruited CD11c + mononuclear leukocytes are phagocytic, and together with cell marker expression (Fig. 1G ) indicate that they are monocytes/macrophages. 19, 20 We then tested if the leukocytes are required to maintain a front zone with high cellular density. For this, CD11c + leukocytes were depleted from day 4 after injury and the carotid arteries were harvested at day 7 and analyzed. We found that late depletion of CD11c + leukocytes (when a proliferative front zone is already established) also reduced endothelial regrowth (Supplemental Fig. 1A ). Most notably, there was a marked decrease in cell density of the endothelial front (Supplemental Fig. 1B) . Together, our data show that CD11c + leukocytes are required to both induce and maintain a high cellular density of regrowing sheets of endothelium during endothelial repair.
Reduced circulating levels of either Ly6C high or Ly6C low monocytes do not decrease the number of leukocytes at regrowing endothelium
Monocytes can be subdivided into Ly6C high classical monocytes and Ly6C low non-classical monocytes. [21] [22] [23] To investigate if Ly6C high monocytes are important for endothelial repair, we performed surgery on Ccr2 −/− mice. Ccr2 −/− mice have low circulating levels of Ly6C high monocytes and impaired recruitment of Ly6C high monocytes to inflammatory sites. 24 We found no significant difference in the number of recruited leukocytes in Ccr2 −/− mice compared with wild-type controls 5 days after endothelial injury (Fig. 4A) . However, there was a small reduction in endothelial regrowth (Fig. 4B) . Thus, reduced levels of Ly6C high monocytes do not affect the number of leukocytes at regrowing endothelium and only mildly impair the endothelial repair process. To test if Ly6C low monocytes are important for endothelial repair we used Nr4A1 −/− mice, which have very low levels of non-classical monocytes in circulation. 25 There was no decrease in the number of recruited leukocytes or endothelial regrowth in Nr4A1 −/− mice compared with wild-type controls ( Fig. 4C and D) . Furthermore, we performed surgery on CX 3 CR1-deficient mice, which also have reduced levels of Ly6C low monocytes. 26 In line with the Nr4A1 −/− data, there was no reduction in the number of recruited leukocytes or endothe- 
The main part of recruited leukocytes are not derived from a conventional DC precursor
To test if the CD11c + leukocytes during endothelial regrowth are derived from a conventional DC precursor, we used a genetic cell tracing approach (Clec9a +/cre Rosa +/EYFP mice). 17 In these mice, precur- . 17 Five days after surgery, the carotid arteries were harvested Fig. 5A and B) , suggesting low or no contribution from conventional DC precursors, because a small portion of macrophages can be YFP + in the mouse model (3-4% in hemizygous Clec9a +/cre Rosa +/EYFP mice). 17 Thus, the main part of recruited leukocytes (>80%) are not derived from conventional DC precursors, which further supports a monocytic origin of the CD11c + mononuclear phagocytes.
DISCUSSION
A rapid repair of damaged endothelium is important to prevent vasoocclusive disorders following vascular injury. Leukocytes appear to be involved in endothelial repair 13, 14 Conclusively, the genetic fate mapping shows a low or no contribution from the conventional DC precursor, which further supports a monocytic origin of the recruited CD11c + leukocytes during endothelial regrowth.
CD11c + leukocytes have previously been shown to be important for vascular remodeling during angiogenesis, 32, 33 and to be closely associated with arterial endothelium at areas of disturbed blood flow. 34 Furthermore, non-classical patrolling monocytes were recently shown to protect the endothelium from cell death during atherosclerosis 29 and they have been shown to coordinate endothelial repair following a TLR7-induced inflammatory stimulus.
Thus, leukocytes have a pivotal nursing function during endothelial remodeling/repair following a range of different stimuli, such as endoluminal scratch injury, angiogenesis, 32,33 disturbed blood flow, 34 atherosclerosis, 29 and viral danger signals. 28 Further studies on the exact mechanisms for the endothelial preservative actions by leukocytes are needed to better understand endothelial remodeling and repair in vivo.
In conclusion, we show that CD11c 
